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MEASUREMENT OF HElAT TRANSFlER AND RECOVERY FACTOR 

OF A C0MPRESSIBI;E: TUFiBUL;ENT BOUNDARY LAYER 

ON A SHARP CONE W I T H  FOREIGN 

GAS INJECTION 

SUMMARY 

Local heat-transfer and recovery temperatures of t he  turbulent  boundary 
layer with foreign-gas in j ec t ion  of helium, air ,  and Freon-12 (CC12F2) were meas- 
ured on a porous cone a t  cone Mach numbers 0.7, 3.67, and 4.35 and i n  a Reynolds 
number range of 1 t o  5 mill ion.  The heat- t ransfer  coef f ic ien ts  generally show a 
subs tan t ia l  decrease of up t o  80 percent from the  zero-injection value f o r  a l l  
injectj .on gases and the  r e l a t i v e  effect iveness  of t h e  gases i s  i n  accord with 
theory. 
w a l l )  a t  
greater  than  the  t o t a l  stream temperature and then decreases with increased 
in jec t ion .  
t he  recovery temperature f irst  decreases with in jec t ion  then increases t o  values 
which can be greater  than the  t o t a l  temperature of t he  stream. 
in j ec t ion  r a t e s  a t  Mach number 4.35 the  heat t ransfer red  t o  t h e  w a l l  can increase 
with increased inject ion.  
recovery fac tor  cannot be used a t  the  highest  t e s t  in jec t ion  r a t e s  t o  calculate  
t he  heat t r ans fe r  t o  the w a l l  because a recovery temperature cannot be defined. 
The e f f ec t  of Mach number on the  reduction of t he  heat- t ransfer  coef f ic ien t  from 
t h e  zero-injection value with increase i n  in jec t ion  r a t e ,  i s  l e s s  than the  reduc- 
t i o n  i n  skin f r i c t i o n  with a i r  in jec t ion .  
a r e  i n  general  agreement with the  Rubesin theory heat-transfer predictions fo r  
Mach numbers from 0 t o  4.35. 

The recovery t e q e r a t u r e  ( w a l l  temperature f o r  zero heat t r ans fe r  t o  the  
M = 0.7, f o r  helium in jec t ion ,  increases with in jec t ion  t o  a value 

A t  t he  two higher Mach numbers, f o r  a l l  t he  in j ec t ion  gases t e s t ed ,  

For the  highest 

The concept of a Stanton number and accompanying 

The heat- t ransfer  coef f ic ien t  r a t i o s  

INTi3ODUCTION 

Transpiration cooling systems are an e f fec t ive  means of reducing the  temper- 
a ture  of an aerodynamically heated surface. These systems have the  advantage of 
an e f f i c i e n t  heat exchange between the  porous w a l l  and the  cooling t ranspi ra t ion  
gases, and fur ther ,  t he  gases in jec ted  i n t o  the  surrounding boundary layer  can 
block a subs tan t ia l  pa r t  of t he  aerodynamically generated heat from enter ing the  
w a l l .  One of the  current motivations fo r  an understanding of t he  e f f ec t  of the  
t ranspi ra t ion  process on the  boundary layer  i s  the  wide and successful appli-  
cat ion of ablat ive cooling systems t o  high-speed reentry vehicles.  The gases 
which emanate from an ablat ing surface a c t  on the  boundary layer  s imilar ly  t o  the  
in j ec t ion  gases of a t ranspi ra t ion  system, but the  ab la t ive  gas may be of mixed 
molecular weight; therefore ,  the  e f f e c t s  on heat t r ans fe r  of t he  individual gases 
must be known, as well  as the  mixtures of d i f fe ren t  molecular weights, i n  order 
t o  evaluate an ablat ive cooling system. 
determine the  effect iveness  of gases of d i f fe ren t  molecular weights, t he  l i g h t  

One purpose of t h e  present tes ts  w a s  t o  



gas helium, a i r ,  and the  heavy gas Freon-12 (CC12F2) on the  l o c a l  heat t r ans fe r  
from a compressible turbulent  boundary layer  t o  a porous w a l l .  
mixtures of gases w i l l  not be considered i n  t h i s  repor t .  

In jec t ion  of 

The e f f e c t s  of t ranspi ra t ion  of foreign gases i n t o  the  compressible 
turbulent  boundary layer  were studied i n  reference 1. The effect iveness  of t he  
in jec ted  gas i n  reducing skin f r i c t i o n  w a s  found t o  be markedly influenced by the  
Mach number over the  range from 0 t o  4.3 when the  data  were represented as the  
sk in- f r ic t ion  r a t i o ,  CF/CF~ ,  a function of t h e  in j ec t ion  rate, ~F/CF,. 
r e su l t  d id  not agree with theo re t i ca l  predict ions of Rubesin ( r e f .  2 )  f o r  air 
in jec t ion ,  which show l i t t l e  dependence on Mach number. 
t h e  present study w a s  t o  determine the e f f e c t  of Mach number on the  heat-transfer 
coeff ic ient  r a t i o ,  St/Sto, as a function of t he  l o c a l  i n j ec t ion  r a t e ,  F/Sto. 

This 

A second obJe-ctive i n  

O f  equal importance i n  the  in te rpre ta t ion  of the  heat  t r ans fe r  t o  a w a l l  
with gas in j ec t ion  i s  the  knowledge of t he  heat- t ransfer  coef f ic ien t  or Stanton 
number and i t s  attendant recovery temperature or recovery f ac to r .  A s  an example 
of the  unexpected behavior of the  recovery f ac to r  with in jec t ion ,  Tewfik, Eckert, 
and S h i r t l i f f e  ( ref .  3) recent ly  reported t h a t  t he  recovery temperature of the  
low-speed (100 f p s )  turbulent  boundary layer  with helium in j ec t ion  rises contin- 
uously with increased in j ec t ion  t o  40' F above the  free-stream temperature. For 
a i r  in jec t ion ,  they found the  expected behavior t h a t  t he  recovery temperature 
equalled the  free-stream temperature. A t h i r d  obj-e-ctive w a s  t o  examine the  
behavior of the  recovery fac tor  with foreign gas in j ec t ion  over t he  range of 
these t e s t s .  

The present t e s t s  cover such a wide range of var iables  t h a t  there  a r e  
numerous r e l a t ed  experimental and theo re t i ca l  repor t s  avai lable  i n  the  l i t e r a t u r e .  
Fa i r ly  comprehensive reviews, up t o  about mid-year of 1960, of t he  e f f e c t s  of gas 
in j ec t ion  on skin f r i c t i o n  and on the  skin f r i c t i o n  and heat t r ans fe r  of the  
compressible turbulent  boundary layer  a r e  presented i n  references 1, 4, and 5 .  
Some of the  more recent per t inent  experimental heat- t ransfer  and recovery fac tor  
data  of t he  turbulent  boundary layer  w i l l  be discussed b r i e f l y  here .  Consider 
now some recent ly  avai lable  heat- t ransfer  measurements of Tewfik, Eckert, and 
Jurewicz ( r e f .  6) obtained on a c i r cu la r  cylinder with a x i s  p a r a l l e l  t o  a low- 
speed stream (U, % 110 f p s )  with uniform air  in jec t ion ,  and the  heat- t ransfer  
measurements of Bart le  and kadon  ( r e f .  7) obtained on a side-wall porous p l a t e  
of a supersonic wind tunnel  (M, = 2 and 3.2) with d is t r ibu ted  in j ec t ion  t o  main- 
t a i n  a constant w a l l  temperature. The heat t r ans fe r  when presented as the  r a t i o  
of heat- t ransfer  coef f ic ien t ,  S t ,  t o  t he  zero in j ec t ion  value, Sto, as a function 
of the  l o c a l  i n j ec t ion  value 
Rubesin ( r e f .  2) f o r  d i s t r ibu ted  a i r  in jec t ion .  
zero in jec t ion  Stanton numbers the  values obtained by l o c a l  sk in- f r ic t ion  meas- 
urements converted t o  l o c a l  Stanton nuniber by the  modified Renolds analogy of 
Rubesin ( r e f .  8 ) .  
t r ans fe r  Stanton number t o  zero in jec t ion  values,  and these agree t o  within about 
10 percent of the  previous Sto values.  I n  s p i t e  of t h i s  agreement, the  effec- 
t i v e  Sto value, with high r a t e s  of inject ion,  ce r t a in ly  i s  not e i t h e r  of these 
but one based on a lower e f fec t ive  length Reynolds number. Their r e s u l t s  of 
St/Sto 
increasing F/Sto 

F/Sto showed good agreement with the  theory of 
Bart le  and Leadon used as the  

They a l s o  extrapolated the  values of low-injection heat- 

thus would be expected t o  t rend  above the  t h e o r e t i c a l  predict ions with 
values, and t h i s  concave upward curve shape i s  observed i n  
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both sets of t h e i r  data .  
preceded by a considerable length of boundary-layer flow over a nonporous area.  
Some ea r ly  heat-transfer measurements of Rubesin, Pappas, and Okuno (ref .  9) 
obtained with a i r  in jec t ion  on a f la t  p l a t e  a t  M = 2.7 a l s o  agree with the  
Rubesin theory predict ions a t  the  lower in jec t ion  rates but  t rend above the  
theory a t  the  highest i n j ec t ion  r a t e s .  
measurements i n  the  Mach number range from 0 t o  3.2 are i n  good agreement with 
the  theory of Rubesin and the  sk in- f r ic t ion  shows decidedly more var ia t ion  with 
Mach nmiber than the  theo re t i ca l  predict ions.  

This argument appl ies  t o  any porous surface which i s  

For air in jec t ion  then, the  heat-transfer 

There are some heat- t ransfer  data avai lable  with other gases injected i n t o  , 

t he  turbulent boundary layer .  Tewfik, Eckert, and S h i r t l i f f e  (ref.  3) injected 
helium i n t o  the  turbulent boundary layer  of a cylinder with the  axis p a r a l l e l  t o  
t he  main stream flow and found t h a t  t he  heat-transfer coeff ic ient  r a t i o  St/Sto 
w a s  below the  low-speed theo re t i ca l  predictions of Rubesin and Pappas ( r e f .  10 ) .  
Leadon and Scott ( r e f .  11) measured heat t r ans fe r  a t  M = 3.0 on a small porous 
p l a t e  mounted f lush  i n  a w a l l  of a supersonic wind tunnel .  
Leadon and Scot t ' s  r e s u l t s  i s  influenced by a long run of the  boundary layer  
along the  w a l l  preceding the  porous p l a t e ,  and there  i s  some uncertainty as t o  
the  correct  Sto value t o  use.  The reduction of the  St/Sto r a t i o  with helium 
in jec t ion  a t  M = 3.0 almost agrees with the low-speed r e s u l t s  of Tewfik, Eckert, 
and S h i r t l i f f e ,  showing l i t t l e  e f f ec t  of Mach number on the  heat- t ransfer  coeff i -  
c ien t  reduction. 

The evaluation of 

The present t e s t s  were proposed t o  help c l a r i f y  the  e f f ec t s  of Mach number 
on the  reduction i n  heat t r ans fe r  with foreign gas in jec t ion  and t o  provide heat- 
t r ans fe r  measurements fo r  a compressible turbulent boundary layer  over a wider 
range i n  molecular weights of t he  in jec t ion  gases. 

NOMENCLATURE 

A circumferential area corresponding t o  u n i t  cone ray length a t  each 
ex ter ior  thermocouple Xocat ion 

A equivalent cylinder area r a t i o ,  per ipheral  cone area t o  nozzle area a t  
An thermocouple loca t ion  
- 

b gas constant f o r  molecular weight, M 

B i  
(pu l i  
(Pd, 

r a t i o  of l o c a l  i n t e r i o r  mass-flow r a t e ,  ___ 

specif ic  heat cP 

CF t o t a l  sk in- f r ic t ion  coeff ic ient  

D diameter 

E temperature effect iveness  r a t i o ,  
T, - Tg 

T r o  - Tg 



F 

G 

h 

k 

M 

M, 

4P2 

Pr 

q 

r 

R C  

RX 

S 

SO 

st 

t 

T 

T’ 

U 

v 

X 

a, P 

PWVW in jec t ion  mass flow normal t o  surface; - ’wvw fo r  supersonic flow, - 
f o r  subsonic flow pcuc pw‘w 

mass-flow rate per un i t  area through porous w a l l  

l o c a l  heat-transfer coef f ic ien t ,  g = h(Tr - Tw) 

thermal coI?CJrLUctivity 

Mach number 

cone Mach number, inviscid cone surface value fo r  supersonic flow, f ree-  
stream value f o r  subsonic flow 

difference of t he  square of t he  pressures across a porous cone w a l l  

F’randtl number, c”cm k 
l o c a l  heat t r ans fe r  t o  the  w a l l  

T r  - Tc 
T t  - Tc 

temperature recovery fac tor ,  

l o c a l  Reynolds number of cone, - ucpcs f o r  supersonic f l o w ,  ___ k p w s  f o r  
subsonic flow PC rJ, 

UOo~WX 

PaJ 
l o c a l  Reynolds number of f l a t  p l a t e ,  ___ 

distance along cone ray f r o m t i p  

e f fec t ive  nonporous ray length of cone t i p  

l o c a l  heat- t ransfer  Stanton number; fo r  supersonic f l o w ,  
( PUCp 1 C 

fo r  subsonic flow h 
( PUCp ), 

thickness of porous cone w a l l  

temperature 

reference temperature, defined i n  equation (3) 

veloci ty  component p a r a l l e l  t o  cone surface or i n  stream direct ion 

veloci ty  component normal t o  cone surface 

distance along f la t  p la te  from leading edge 

viscous and i n e r t i a l  res is tance coef f ic ien ts  (eq. ( A l )  ) 
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E t o t a l  hemispherical emissivity 

8 cone semivertex angle 

P viscos i ty  of gas 

P density of gas 

P j U i  mass flow of coolant pas t  i n t e rna l  coolant thermocouples corresponding 
t o  i t h  thermocouple 

cl Stefan-Boltzmann rad ia t ion  constant 

a 

C 

f 

i 

n 

0 

r 

t 

W 

co 

Subscripts 

r e f e r s  t o  a i r  value 

cone condition; inviscid cone surface value f o r  supersonic flow, free- 
stream value fo r  subsonic flow 

evaluated a t  in t e rna l  f i lm temperature 

t r u e  value f o r  i n t e r n a l  coolant 

indicated value fo r  i n t e r n a l  coolant 

surface condition of wind-tunnel nozzle 

zero in jec t ion  condition 

adiabat ic  r e  c ove ry  c ondit i on 

stagnation condition of stream 

cone surface condition 

free-  stream condition 

DESCRIPTION OF EQUIPMETKC 

Wind Tunnels 

The tes ts  were conducted i n  t h e  Ames 2- by 2-foot transonic wind tunnel  and 
Both tunnels may be continuously i n  the  Ames 10-inch heat t r ans fe r  wind tunnel.  

operated a t  a given tes t  condition, thereby allowing steady-state heat- t ransfer  
measurements. 
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Cone Model 

The heat-transfer model i s  shown i n  figure 1. Important dimensions and 
thermocouple locat ions are indicated on t h e  figure. The model consis ts  essen- 
t i a l l y  of an outer porous s t a in l e s s  s t e e l  cone and an inner porous g lass  f iber  
cone. 
t h e  Mott Metallurgical Corp. The density of t he  cone material i s  approximately 
263 pounds per cubic foot .  The porous surface area of t he  cone i s  0.290 square 
feet  with an average surface thickness of 0.033 inch. Relative porosity indi-  
cated by the  mass-flow d i s t r ibu t ion  i s  shown i n  f igure  2 along four rays of t he  
cone. The technique of t he  porosi ty  ca l ibra t ion  i s  indicated i n  f igure  3 and 
some r e s u l t s  a re  presented i n  f igure  4. 
surface of t he  outer cone w a s  aerodynamically smooth throughout the t e s t  period 
and the  average roughness height measured w a s  +200 microinches. 

The outer seamless cone w a s  formed of s in te red  type 316 stainless steel by 

For more d e t a i l s  see appendix A. The 

The inner cone w a s  made of th ree  g l a s s  f ibe r  conical segments glued together.  
Each segment i s  a molded and cured mat of g lass  f i b e r s  treated with uncured 
phenolic res in .  
thickness i s  0.1 inch. 

The density of the  g lass  f i b e r  cone i s  about 17 lb/cu f t  and the  

The main ray, A, of t he  outer cone has e ight  thermocouples numbered 1 
through 8 and positioned 1 inch apart  on the  outer surface; each of the  other 
th ree  equidistant rays B, C ,  and D has four thermocouples positioned 2 inches 
apar t .  Thirty-six gage (0.005-inch diameter) chromel-constantan thermocouple 
wire w a s  forced through two holes d r i l l e d  i n  a 0.043-inch-diameter nylon 101 plug. 
The plug w a s  then force- f i t t ed  i n t o  a hole dr i l led  i n  the  cone and t h e  ends of 
t h e  thermocouple wires were spot-welded f lush  with the  surface as shown i n  
f igure  1. 

Coolant thermocouples (36 gage chromel-constantan) were mounted on the  sur- 
face of t he  inner glass f ibe r  cone and extension. The extension w a s  made of 
0.026-inch-thick g lass  f ibe r  material. There a re  e ight  i n t e rna l  thermocouples 
corresponding t o  the  main cone ray A. They are  located i n  the  plane defined by 
t h e  main ray and the  cone ax i s  and are  on l i n e s  normal t o  the  main cone ray a t  
each of t he  eight  ex terna l  thermocouple locat ions.  The last two thermocouples of 
t he  other rays have correspondingly located in t e rna l  coolant thermocouples. 
These are approximately 0.423 inch inside the  inner surface of the  s t e e l  cone. 
I n  add-ition, along the  main ray, there  a re  three coolant thermocouples 1/8 inch 
outside the  surface of t he  g lass  f ibe r  cone on the  l i n e s  normal t o  the  f i f t h ,  
s ixth,  and seventh external thermocouples and two coolant thermocouples 1/4 inch 
outside the  surface on the  l i n e s  normal t o  t h e  f i f t h  and seventh ex terna l  
thermocouples 

Grade A helium, dry a i r ,  and commercial Freon-12 were injected through the  
porous surface. Pr ior  t o  enter ing the  model, t he  gases were metered with a 
rotameter and were f i l t e r e d  through a f ibrous g lass  f i l t e r  twice the  thickness of 
t h e  inner cone and denser. It i s  believed t h a t  no s igni f icant  porosi ty  varia- 
t i o n s  were introduced i n  the  outer cone as a result of accumulation of matter 
within the  porous surface. The temperature of the  in jec t ion  gases w a s  controlled 
by a p a r a l l e l  system of hot and cold heat exchangers. The hot side consisted of 



a copper c o i l  immersed i n  an e l e c t r i c a l l y  heated water bath,  and the  cold s ide 
consisted of a copper c o i l  immersed i n  dry i c e  and acetone mixture (-llOo F) or 
an ice  bath f o r  fieon-12. 

To obtain turbulent f l o w  over t h e  model, a boundary layer  t r i p  w a s  used. 
double t r i p  made from two 3/4-inch bands of 2/0 garnet paper with most of t he  
backing removed w a s  used for  t e s t s  a t  free-stream Mach numbers of 4.0 and 0.7. 
The f i rs t  t r i p  w a s  located about 1/4 inch back from the cone t i p  and the  second 
t r i p  1/16 inch back of t he  first.  
bands of 1 /2  garnet paper w a s  used f o r  t e s t s  a t  a free-stream &ch number of 4.8. 
The first t r i p  w a s  located about 1/8 inch back from t h e  cone t i p  and the  other 
three t r i p s  were spaced 1/16 inch apart .  

A 

A quadruple t r i p  made from four 3/16-inch 

For the  supersonic flow t e s t s ,  shadowgraph pictures  were taken of the  
boundary layer  t o  confirm t h a t  the  flow w a s  turbulent .  For the  subsonic t es t  a t  
Reynolds numbers of 4 mil l ion per foot ,  one would expect the  boundary layer  t o  
t r i p  quite eas i ly ,  but since shadowgraph p ic tures  did not have suf f ic ien t  def ini-  
t i o n  t o  show whether or not the  boundary layer  w a s  turbulent ,  a technique of 
subliming so l ids  w a s  used. A s m a l l  conical- shaped waxed protuberance (about 
1/16 inch high) w a s  stuck on the  black painted surface of a so l id  aluminum cone 
model. Naphthalene suspended i n  petroleum ether  w a s  sprayed on the  model surface 
and the  tunnel w a s  run a t  t e s t  conditions. The p a r a l l e l  pa t te rn  of sublimation 
behind the  protuberance indicated t h a t  t h e  flow w a s  turbulent .  

TEST CONDITIONS APJD CALCULATION PROCEDURES 

Local heat-transfer measurements were made on the  t e s t  cone a t  t h e  following 
nominal t e s t  conditions. 

4.80 4.35 750' R 3. 79x1O6 

The measurements required t o  determine the  l o c a l  heat-transfer coef f ic ien ts  with 
foreign gas in jec t ion  were the  foreign gas i n l e t  temperature, t he  cone w a l l  t e m -  
perature (or foreign gas e x i t  temperature), the  l o c a l  mass in jec t ion  r a t e s  a t  
each surface thermocouple, the  standard wind-tunnel conditions of stagnation 
pressure and temperature, and the  tes t  sect ion s t a t i c  pressure. Free-stream Mach 
number w a s  determined from the  r a t i o  of free-stream s t a t i c  t o  tunnel stagnation 
pressures f o r  a l l  tes ts .  The cone Mach number f o r  supersonic flow w a s  obtained 
from the  conical flow t ab le s  of reference 12. 

The electromotive force of t he  chromel-constantan thermocouple w i r e  versus 
temperature w a s  measured over t he  temperature range of i n t e re s t  f o r  these t e s t s .  
The ca l ibra t ion  deviated very s l i g h t l y  from the  standard ca l ibra t ion  (maximum of 
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1' F over the  range).  
Accuracy of temperature measurement w a s  +0.2O F. 
out of steady-state temperatures and pressures w a s  1 minute. 
foreign-gas, flow rate, and pressures were monitored during the  course of t he  
experiment u n t i l  steady-state conditions w e r e  rea l ized .  
were obtained a t  each t e s t  condition during the  steady-state period. 

The thermocouple outputs w e r e  measured and recorded. 

Temperatures, 
Total  time t o  obtain one read- 

Some 5 t o  10 readouts 

Along with t h e  necessity of maintaining accuracy of t he  individual measure- 
ments of temperature and pressure, t he  in te rpre ta t ion  of t he  measurements rests 
on a knowledge of the bas ic  heat balance on the  surface element of t he  cone. The 
net heat convected i n t o  the  surface i s :  

The first t e r m  on the  r i g h t  i s  the  heat t ransfer red  out of the  cone surface 
element by conduction only i n  the  cone ray direction; t he  second t e r m  i s  the  heat 
radiated out of t h e  surface assuming a concentric cylinder geometric arrangement; 
and t h e  last term i s  heat absorbed by the  foreign gas coolant where the  f i n a l  
temperature of the  coolant i s  considered as the  outside %a11 temperature. For 
thermocouples 1 through 7, inclusive,  aTw/as and a2Tw/as 
d i r e c t l y  from a smooth curve through t h e  surface-temperature d is t r ibu t ion .  I n  
t h e  second t e r m ,  Tw i s  d i r ec t ly  measured and Tn i s  the  nozzle w a l l  temperature 
which i s  considered t o  be the  recovery temperature for turbulent flow. The t o t a l  
hemispherical emissivity of the  cone surface w a s  measured (E = 0.49) and the  
nozzle w a l l  emissivity,  €11, w a s  estimated t o  be 0 .1  f o r  a polished stainless 
s t e e l  surface and 0.9 for a g lass  and metal w a l l  f o r  t he  subsonic wind tunnel.  
The most c r i t i c a l  values i n  the heat balance equation are i n  the  t h i r d  t e r m .  The 
l o c a l  mass-flow r a t e  ( ~ v ) ~  must be known accurately and the  accuracy of measure- 
ment over a small f i n i t e  area i s  primarily dependent on the  uniformity of poros- 
i t y  of the  w a l l  and on t h e  l o c a l  pressure difference across it. The r e l a t i v e  
mass-flow measurements of f igure 2 show quite good uniformity from thermocouple 
1 t o  7 f o r  1/2-inch-diameter c i rcu lar  areas  measured. The gas in t e rna l  coolant 
temperatures, Tg, are normally cor rec t ly  indicated by the  in t e rna l  thermocouples, 
but f o r  t he  low in jec t ion  r a t e s  of Freon, a i r ,  and occasionally helium, correc- 
t i o n s  t o  the  thermocouple readings must be taken i n t o  account. 
applicable t o  the  measurement of the t rue  in t e rna l  coolant temperature a re  pre- 
sented i n  appendix C. For low Freon in jec t ion  rates corrections were necessary 
so the  temperature of t he  gas emanating from the  i n t e r n a l  g lass  f ibe r  cone (aver- 
age temperature of i n t e r n a l  thermocouples 3 and 6) w a s  used as the  corrected 
for  i n t e r n a l  thermocouples 1, 2, 3 ,  and 4 located i n  t h e  forward area of t he  cone. 
(See f i g .  3 . )  

were obtained 

Considerations 

Tg 

The heat-transfer coeff ic ient ,  h, i n  equation (1) w a s  evaluated graphical ly  
from a p lo t  of q versus Tw/Tt fo r  each surface thermocouple locat ion.  
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Normally, t he  heat t r ans fe r  w a s  measured a t  four w a l l  temperature l eve l s  fo r  each 
gas in jec t ion  ra te ;  and t h i s  usually provided suf f ic ien t  def in i t ion  of a s t r a igh t  
l i n e  through the  data .  
2.7', and 2.6O F range f o r  any given in jec t ion  rate from run t o  run f o r  h c h  
numbers 0.7, 3.67, and 4.35, respect ively.  
w a l l  temperature l e v e l  could not be changed appreciably, a small change i n  T t  
could cause a considerable e r ror  i n  determining heat- t ransfer  coeff ic ient  i f  q 
w e r e  p lo t ted  as a function of only 

The stagnation temperature, T t ,  w a s  held t o  within a 6.0°, 

For some low in jec t ion  runs where the  

Tw. 

The heat- t ransfer  coef f ic ien ts  presented i n  t h i s  report  are uncorrected fo r  
ex terna l  rad ia t ion  heat transfer and porous w a l l  heat conduction. The sum of the  
rad ia t ion  and w a l l  conduction corrections i s  negligible (less than 2 percent) f o r  
t h e  Mach number 0.7 tes ts .  For t he  Mach number 3.67 t e s t s ,  t he  t o t a l  corrections 
a re  less than 5 percent a t  the  lower in jec t ion  rates, and f o r  t h e  highest injec- 
t i o n  rates are generally less than 10 percent with a maximum correction of 15 per- 
cent .  
than 8 percent with a maximum of 10.5 percent (except fo r  t h e  highest Freon injec- 
t i o n  rate where a 'max imum correction of 28 percent w a s  noted) .  
corrections would reduce t h e  value of t h e  heat-transfer coef f ic ien t .  Also, t he  
l a rges t  percent corrections apply t o  the  smallest heat- t ransfer  coef f ic ien ts  
which were measured a t  the  higher in jec t ion  r a t e s .  

For t h e  Mach number 4.35 tests,  t he  t o t a l  corrections are generally less 

I n  a l l  cases, the  

The heat-transfer data  obtained a t  thermocouple locat ions 1 and 8 generally 
a re  not included i n  t h i s  repor t .  For thermocouple 1, large surface conduction 
corrections,  boundary-layer-trip e f f ec t s ,  a variable porosity d i s t r ibu t ion  pre- 
ceding the  locat ion,  t he  e f f ec t  of t he  impermeable surface preceding the  t e s t  
s ta t ion ,  and nonuniform surface temperature e f f ec t s  caused too  many uncertaint ies  
t o  account f o r  t he  behavior of t h e  heat-transfer data .  
located i n  a region of rapidly decreasing porosity along cone rays B and C and 
w a s  near t o  the  nonporous area a t  the  back of the  cone; these conditions caused 
some of the  heat- t ransfer  r e s u l t s  t o  behave i n  an unexplainable manner. 

Thermocouple 8 w a s  

Because of t h e  many t e s t  runs, the  porous w a l l  temperature d is t r ibu t ions  
along the  cone a re  not presented i n  t h i s  repor t .  When a coolant gas i s  injected 
through the  surface the  temperature generally decreases along the  cone ray as i s  
shown fo r  a low Freon in jec t ion  rate i n  f igure 5 .  For higher in jec t ion  rates, 
and especial ly  fo r  a i r  and helium inject ion,  the  temperature i s  e s sen t i a l ly  mi- 
form along t h e  cone. 

PRESENTATION OF BASIC RESULTS 

The fundamental usable r e s u l t s  of th is  experiment are the  Stanton numbers 
and the  associated recovery f ac to r s .  For each ex terna l  thermocouple locat ion 
(nos. 2 through 7) the  l o c a l  Stanton number w a s  p lo t ted  as a function of t he  
l o c a l  a i r  in jec t ion  rate, and t h e  smooth curve drawn through t h e  data  w a s  extrap- 
olated t o  the  zero in jec t ion  value t o  define t h e  Sto value. The ordinate and 
abscissa  f o r  a l l  in jec t ion  gases w e r e  normalized by dividing by the  Sto value 
obtained by a i r  in jec t ion  and these results are presented i n  a se r i e s  of graphs 
(see f i g s .  6(a) t o  8 ( f ) ) ,  corresponding t o  each Mach number and l o c a l  Reynolds 
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number (or thermocouple locat ion)  . 
points  a re  primarily f o r  i den t i f i ca t ion  of t he  data; ce r t a in  exceptions are fo r  
t h e  low Freon in jec t ion  r a t e s  where the  f a i r e d  curves are forced through the zero 
in jec t ion  Sto values.  !he Sto a t  each thermocouple i s  tabulated on each 

The curves drawn through the  experimental 

graph - 
Before discussing these Stanton number r e s u l t s  one might ask why the  a i r  

Sto value. in jec t ion  heat- t ransfer  data were used exclusively t o  define the  
F i r s t ,  f o r  low Freon in jec t ion  r a t e s ,  t he  in t e rna l  heat- t ransfer  coeff ic ient  to 
t he  in t e rna l  thermocouples i s  smallest; therefore  €iO/hi (eq. (Cl)) i s  highest 
and in t e rna l  rad ia t ion  has the  maximum e f f e c t .  For helium in jec t ion ,  one of t he  
theories  f o r  turbulent boundary-layer flow ( r e f .  10) predic t s  St/Sto values 
over 1 .0  a t  low in jec t ion  rates, and, if correct ,  t h i s  would prohibi t  extrapola- 
t i o n  t o  t h e  one correct  zero in jec t ion  value. These considerations compelled 
the  authors t o  se lec t  t h e  Sto value f romthe  air in jec t ion  heat- t ransfer  
results. These Sto results w i l l  be considered again i n  t h i s  report  when 
comparison w i l l  be made with turbulent theory and other results. 

= 0.7 Heat Transfer and Recovery Factor 

The series of graphs of St/Sto vs. F/Sto ( f ig s .  6(a) through 6 ( f ) )  show an 
odd behavior of Freon-12 in jec t ion  Stanton numbers. 
r a t e s ,  t he  Freon-12 Stanton nunibers are i n  the expected r e l a t i v e  posi t ion t o  the  
a i r  in jec t ion  values, but with decreasing inject ion,  t he  values increase t o  a 
value greater  than the  zero in jec t ion  value, St,, and then decrease t o  a value 
j u s t  above the  a i r  in jec t ion  values. (See thermocouples 4 t o  7, f i g s .  6 (c)  t o  
6 ( f ) ,  inclusive.)  
i s  noted but  not a subsequent decrease with decreasing in jec t ion  r a t e .  The asso- 
c ia ted  recovery fac tors  ( f i g s .  g(a)  through g ( f ) )  show a small decrease generally 
with increased in jec t ion  f o r  Freon with no apparent unexpected behavior. 
poss ib i l i t y  e x i s t s  t h a t  t he  f l o w  i s  t r ans i t i ona l  fo r  t h e  low Freon in jec t ion  
rates and the  high Stanton values a re  a d i r ec t  r e s u l t  of t h i s  type of flow; 
however, the  f a c t  t h a t  the  Stanton number peak occurs at a higher in jec t ion  rate 
f o r  thermocouple locat ions a t  higher Reynolds numbers e s sen t i a l ly  n u l l i f i e s  t h i s  
conjecture. The anomalous behavior of' t he  Stanton number a t  low Freon in jec t ion  
r a t e s  w a s  f i n a l l y  determined t o  be primarily a r e s u l t  of not knowing with suffi- 
c ien t  accuracy the l o c a l  in jec t ion  r a t e  of t he  heavy gas Freon-12 through the  
porous cone when the  ex terna l  pressure var ies  along t h e  cone surface.  The method 
used t o  determine the  l o c a l  flow in jec t ion  rates i s  described i n  appendix A. 
Also, a t  l o w  in jec t ion  rates of Freon, it i s  d i f f i c u l t  t o  change t h e  porous w a l l  
temperature by varying the  coolant temperature t o  adequately define the  
curve by which t o  determine a heat-transfer coef f ic ien t .  

For t he  high in jec t ion  

For thermocouples 2 and 3 ( f i g s .  6(a) and 6 (b ) )  the  increase 

The 

q vs.  Tw 

The theo re t i ca l  predictions of reference 10 for M 0 are shown on the  
thermocouple 6 ( f i g .  6 (e ) )  St/Sto 
r e l a t i v e  effect iveness  on a mass in jec t ion  basis of the  three in jec t ion  gases i s  
i n  accordance with the  theo re t i ca l  predictions,  but  the  absolute values do not 
agree. The theory i s  f o r  d i s t r ibu ted  in jec t ion  where F i s  proportional t o  the  
skin-fr ic t ion coef f ic ien t .  The poss ib i l i t y  of t he  s l i gh t  increase i n  Stanton 

graph fo r  comparison purposes. Generally, t he  
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nurriber over t he  zero in jec t ion  value fo r  helium inject ion,  as predicted by the  
theory, e x i s t s  i n  the data but t he  experimental def in i t ion  i s  not suf f ic ien t  at  
the  low in jec t ion  r a t e s .  

The e f f ec t  of Reynolds number (or thermocouple locat ion)  on the  St/Sto 
var ia t ion with in jec t ion  r a t e ,  F/Sto, i s  hardly noticeable a t  the  subsonic Mach 
numbers for  these t e s t s .  The theor ies  ( r e f s .  2 and 10) predict  l i t t l e  e f f ec t  of 
Reynolds number on the  
in jec t ion  the  theory predic t s  a lower value fo r  higher Reynolds numbers 
a t  a given F/Sto value. 

St/Sto value f o r  a i r  and Freon in jec t ion ,  and for  helium 
St/Sto 

In  conjunction with the  discussion of the  Stanton number var ia t ion ,  t he  
e f f ec t  of in jec t ion  on the  recovery temperature, T r ,  or t he  recovery fac tor ,  . 
(Tr  - T c ) / ( T t  - Tc) ,  must be considered since 
t i o n  the  recovery fac tor  rises from t h e  zero in jec t ion  value near 0.84 and peaks 
out fo r  
stream temperature or 1 6 . 3 O  R above the  t o t a l  temperature of t he  stream. 
def in i t ion ,  t h i s  i s  the  w a l l  temperature condition fo r  zero heat t r ans fe r  t o  the  
w a l l .  A t  higher in jec t ion  rates F > 0.001the  recovery temperature decreases. 
Tewfik, Eckert, and S h i r t l i f f e  ( r e f .  3) have noted an increase i n  recovery tem- 
perature f o r  F values up t o  t h e i r  maximum t e s t  value of 0.001. They a t t r i b u t e  
the  increase i n  recovery temperature t o  thermal diffusion within the  laminar sub- 
layer .  Another possible cause of t he  high recovery t e q e r a t u r e  may be t h e  vor t i -  
c a l  act ion of the  in jec t ion  gas causing a separation of energy within the  bound- 
a ry  layer .  k r g e  s w i r l s  and eddies a re  evident i n  the  boundary layer  photographs 
a t  the  higher Mach numbers. 

q = h(Tr - Tw). For helium injec- 

F =: 0.001 at  a maxi" value of about 1.35 or 62.7O R above the free- 
By 

The recovery temperature with a i r  in jec t ion  shows a s l igh t  peak at  about t he  
same mass in jec t ion  rate as with helium in jec t ion  and then decreases gradually t o  
a value near 0.79 at  the highest  air in jec t ion  mass flow. Since both helium and 
a i r  recovery temperatures peak a t  t h e  same in jec t ion  mass flow, the  e f f ec t  i s  
probably not due t o  t r a n s i t i o n a l  flow e f f e c t s  because helium i s  more apt  t o  t r i p  
the  boundary layer  fo r  t he  same mass in jec t ion  r a t e .  (See r e f .  1.) 

M, = 3.67 Heat Transfer and Recovery Factor 

H e r e  again, some unexpected behavior of the heat-transfer coef f ic ien ts  
( f i g s .  7(a) through 7 ( f ) )  and t h e  recovery fac tors  ( f igs .  l O ( a )  through 1 0 ( f ) )  i s  
immediately evident. F i r s t ,  the  Stanton numbers fo r  helium in jec t ion  a t  low 
in jec t ion  r a t e s  are greater  than t h e  zero in jec t ion  Stanton number obtained from 
extrapolation of t he  air data. Second, the  Stanton numbers fo r  Freon in jec t ion  
do not tend t o  the zero in j ec t ion  value except f o r  thermocouple 6 (ray A and C )  
and thermocouple 7. Third, t h e  air in jec t ion  Stanton nunibers f o r  some lowest 
in jec t ion  cases tend t o  deviate away from the  t rend t o  t h e  zero in jec t ion  Stanton 
value. Sto 
values w e r e  defined f o r  t h i s  Mach nmiber, Q = 3.67.) The f irst  observation i s  
bols tered by the  f a c t  t h a t  s t r a igh t  l i n e  extrapolation of t h e  low helium injec- 
t i o n  Stanton values would y i e ld  
obtained f o r  a i r .  

( E q u a l  weight w a s  given t o  a l l  a i r  in jec t ion  Stanton values when t h e  

Sto 
For the Stanton value t rends  as 

values 130 t o  140 percent of t h e  value 
F 3 0, th i s  30- t o  40-percent 
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discrepancy i s  too  large and consistent t o  be explained on any other basis than 
t h a t  the  low in jec t ion  Stanton values f o r  helium are ,  i n  f a c t ,  g rea te r  than the  
zero in jec t ion  value. To explain the  second Observation, two possible conditions 
may e x i s t :  (1) the  heavy gas Freon may tend t o  s t a b i l i z e  and thicken t h e  laminar 
sublayer a t  low in jec t ion  rates and reduce the  heat t r ans fe r ,  (2) i n t e rna l  radi- 
a t ion  e f f e c t s  may not be completely accounted fo r  i n  t h e  measurement of t he  cool- 
ant gas temperature, Tg. The in t e rna l  rad ia t ion  correction applied t o  the  cool- 
ant gas temperature did not raise t h e  lowest in jec t ion  St values completely 
i n t o  l i n e  with the  expected trend. The correct ion w a s  usual ly  about a 10-percent 
increase with a maxi” correction of a 20-percent increase i n  Stanton number. 
The t h i r d  observation i s  most l i k e l y  due t o  t h e  f a c t  t h a t  i n t e r n a l  rad ia t ion  cor- 
rec t ions  do not quite y i e ld  the  t rue  i n t e r n a l  gas coolant temperature. A f i n a l  
observation of the  normalized St/Sto representation as a function of F/Sto 
indicates  an e s sen t i a l  independence of Reynolds nutriber for  a l l  in jec t ion  gases. 

Again when heat t ransfer  i s  considered, t he  behavior of the  recovery fac tor  
For a i r  and Freon in jec t ion  the  recovery fac tor  decreases 

With helium in jec t ion  the  

i s  equally important. 
from i t s  i n i t i a l  zero in jec t ion  value t o  a mini” value and then increases t o  
near i t s  i n i t i a l  value at  the  higher in jec t ion  rates. 
recovery fac tor  decreases i n i t i a l l y  and then r i s e s  rapidly f o r  i n j ec t ion  rates 
near F = 0.001 t o  values near 1.30; thermocouple 7 i s  the  only exception. These 
high values fo r  recovery fac tor  with accompanying low Stanton numbers suggest an 
evaluation of t he  heat t r ans fe r  on a basis other than 
St(Tt - Tw). Further discussion of t h i s  point i s  required and w i l l  follow later 
i n  t h e  report .  

St(Tro - Tw) or 

& = 4.35 Heat Transfer and Recovery Factor 

The heat-transfer data ( f igs .  8(a) through 8 ( f ) )  f o r  & = 4.35 a re  not so 
wel l  defined as the  previously presented fi = 3.67 data, again, especial ly  at  
t h e  low in jec t ion  r a t e s  of a i r  and Freon. The zero in jec t ion  Stanton numbers f o r  
t h i s  s e r i e s  of t e s t s  (G = 4.35) were extrapolated from the  a i r  in jec t ion  data 
but  ignoring the  lowest in jec t ion  rate Stanton values a t  each thermocouple loca- 
t ion .  These extrapolated Sto values a re  somewhat lower than t h e  correct  values 
t h a t  would have been obtained i f  r e l i ab le  low in jec t ion  r a t e  Stanton numbers were 
available;  therefore,  t he  St/Sto r a t i o s  when p lo t t ed  against F/Sto a re  moved 
i n  the  posi t ive ordinate and abscissa d i rec t ion  giving a conservative value re la -  
t i v e  t o  t he  correct  r e su l t .  Except fo r  t he  low in jec t ion  rates of a i r  and Freon 
the  r e l a t ive  effectiveness of the  three gases i n  reducing Stanton number follows 
the  theory and i s  consistent with the  r e s u l t s  a t  other Mach numbers, The e f f e c t  
of Reynolds number (or thermocouple locat ion)  on the  reduction i n  the  normalized 
St/Sto r a t i o  as a function of F/Sto i s  small, as i n  the  & = 3.67 r e su l t s .  
The theo re t i ca l  
thermocouple 6 for  reference purposes. 

M z 0 results of reference 10 a re  presented ( f i g .  8 (e ) )  f o r  

The recovery fac tors  ( f igs .  l l ( a )  through l l ( f ) )  f o r  helium, a i r ,  and Freon 
rise very rapidly at  the  highest in jec t ion  rates of each gas,  For higher helium 
in jec t ion  rates, F z 0.002, t he  heat t r ans fe r  cannot be defined on the basis of 
q = h(Tr - T,) because T r  becomes undefinable and q i s  e s sen t i a l ly  constant 
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with Tw. The change i n  recovery temperature must be taken i n t o  account when the  
present Stanton numbers are used t o  calculate  heat t r ans fe r .  The heat- t ransfer  
data obtained at  the  high in jec t ion  rates will be presented later on as a d i r ec t  
heat- t ransfer  measurement g r a the r  than a heat- t ransfer  coeff ic ient .  One last 
statement on the  recovery fac tor  representation. 
VS. cpgF/cpcSto 
recovery fac tor  fo r  t he  three  in j ec t ion  gases a t  

A dimensionless p lo t  of r / r o  

M, = 4.35. 
does not pa r t i cu la r ly  cor re la te  t he  representat ion of the 

Stanton Number Variation With Reynolds Number 

The e f f ec t  of Reynolds number on the  l o c a l  heat- t ransfer  coeff ic ient  a t  
f ixed r a t e s  of in jec t ion  i s  shown i n  the  se r i e s  of f igures  12 through 15(c) .  The 
data  points  w e r e  obtained from t h e  smooth curves drawn through the  Stanton number 
data  p lo t ted  as a function of l o c a l  in jec t ion  rate f o r  each thermocouple locat ion,  
The zero in jec t ion  Stanton numbers shown separately i n  f igure  12 are t h e  extrap- 
olated values obtained from the  air in jec t ion  data.  Given as a reference f o r  t he  
zero in jec t ion  heat transfer are t h e  curves based on the  Blasius incompressible 
turbulent  sk in- f r ic t ion  formula modified t o  cone flow and converted t o  heat 
t r ans fe r  through the  Rubesin analogy and f i n a l l y  adapted t o  the compressible 
turbulent boundary layer  by t h e  intermediate temperature method (T '  method, 
r e f .  13) .  
f i n a l  r e l a t i o n  fo r  t h e  reference curves as 

Using the  Sutherland v iscos i ty  var ia t ion  with temperature gives the  

1 \ 0 .2  

- 
stcone - 

l o c a l  

0.0415 
Rco * 

where 

- -  T '  - 1 + 0.035q2 -t 0.45 (2 - 1) 
TC 

(3) 

f o r  r = 0.89 - T '  = 1 + 0 . 1 1 5 ~ ~  
TC 

The zero in jec t ion  Sto values for a l l  Mach numbers appear t o  decrease more 
rap id ly  with increasing Reynolds number than the  commonly accepted var ia t ion  
Sto = K/R$ where The Reynolds number f o r  
each fu l l  l i n e  symbol i s  based on a length from the  cone t i p  t o  t h e  thermocouple 
location. The dotted symbols, shown only for s t a t ions  2 and 8, denote the  effec- 
t i v e  boundary-layer Reynolds nmiber based on a length f r o m t h e  e f fec t ive  start of 
t he  porous material as obtained from shadowgraph p ic tures  of t he  boundary layer  
without a boundary-layer t r i p .  

n z 0.2 and K = K(&) f o r  Tw = Tr .  



The ef fec t ive  run of the  boundary layer  i s  S j  - SO, where S j  = ( j  + 1.187) 
inch, so = 1.417 inch, and 
Rc(sj  - So)/Sj. 
number would be near t h e  dotted symbols. Sto (zero in jec t ion)  values 
a re  extrapolated from St  values with air in jec t ion ,  then the  e f fec t ive  Reynolds 
nuniber corresponding t o  Sto values should be near the ef fec t ive  boundary-layer 
Reynolds numbers with in jec t ion .  The var ia t ion  of Sto with t h i s  e f fec t ive  
Reynolds number agrees more closely t o  the ana ly t i ca l  t rend  of equation (2) .  
fur ther  statement with regard t o  t h e  e f fec t ive  turbulent boundary-layer Reynolds 
nuniber fo r  small t es t  models i s  t h a t  t he  boundary-layer t r i p  can a l s o  a l t e r  t h e  
e f fec t ive  s t a r t i ng  posi t ion of t h e  boundary layer .  For these cone t e s t s ,  the  
forward locat ion of t h e  t r i p  would most l i k e l y  cause the  e f fec t ive  Reynolds num- 
ber  t o  increase from the  dotted symbol, that i s ,  from the  e f fec t ive  start of t he  
porous region of t h e  cone. 

j = 1, 2, ..., 8 .  The ef fec t ive  Reynolds number i s  
With in jec t ion ,  then, t he  e f fec t ive  boundary-layer Reynolds 

Since t h e  

One 

The e f f ec t  of Mach number on the  extrapolated Sto values f o r  Reynolds 
numbers near 2.5 mil l ion i s  quite close t o  that predicted by the  intermediate 
enthalpy method applied t o  the  present Stanton formulation (eq. ( 2 ) ) .  

Generally, t he  Sto values are s l i g h t l y  higher than the  predicted values 
f o r  t he  l imited Reynolds nurdber range of t h i s  t e s t .  
t o t a l  skin f r i c t i o n  ( ref .  1) w e r e  higher than s imilar ly  predicted skin-fr ic t ion 
values.  It i s  noted t h a t  t he  arm&-Schoenherr incompressible skin-fr ic t ion 
r e l a t i o n  modified t o  the  compressible heat- t ransfer  r e l a t ion  gives Stanton nwn- 
bers from 5 t o  9 percent below the  Blasius r e l a t i o n  f o r  a Reynolds nuniber of near 
2 mill ion.  

Previous measurements of 

A general  observation i s  t h a t  t he  Stanton nwdbers f o r  air ,  helium, and 
Freon-12 in jec t ion  ( f i g s .  13(a) through l 5 ( c )  ) decrease with increasing Reynolds 
number more rapidly than the  usual -0.2 power of Reynolds number, and f o r  higher 
in jec t ion  r a t e s  t he  Stanton numbers decrease more rapidly with Reynolds number 
than the  Sto Galues. The e f fec t ive  Reynolds numbers based on a boundary-layer 
run s t a r t i ng  a t  the  e f fec t ive  beginning of t h e  porous material  a re  shown fo r  t he  
zero in jec t ion  values, Sto, on each f igure f o r  t he  lowest and highest Reynolds 
nunibers. A possible s h i f t  i n  e f fec t ive  Reynolds number i s  a l s o  applicable t o  a l l  
t es t  cases with in jec t ion .  A s  i s  quite evident at  each Mach number M, = 0.7, 
3.67, and 4.35, subs tan t ia l  reductions i n  Stanton nurriber w e r e  obtained a t  the  
highest in jec t ion  r a t e s  of these t e s t s .  As  previously noted, the  behavior of t he  
Stanton number a t  t h e  lower Freon in jec t ion  rates fo r  
accurately defined; therefore ,  t he  St vs .  Re var ia t ion  i s  shown only fo r  t he  
higher Freon in jec t ion  rates f o r  t he  two Mach numbers. 

& = 0.7 and 4.35 i s  not 

Mach Number Effects  on H e a t  Transfer 

I n  a previous paper (ref.  1) measurements on a porous cone of t he  t o t a l  
skin-fr ic t ion coeff ic ients  showed a dependence on Mach number , with greater  
effectiveness of the foreign gas in jec t ion  i n  reducing the  skin f r i c t i o n  a t  the  
subsonic Mach nunibers. 
t he  e f f ec t  of Mach number on the  reduction i n  heat-transfer coef f ic ien t .  The 

These present t e s t s  were i n i t i a l l y  proposed t o  determine 

3.4 



Mach number e f f ec t  i s  shown i n  f igures  16(a) through 1 6 ( ~ ) .  
and Freon in jec t ion  there  i s  generally a decreased effect iveness  i n  reducing the 
Stanton nurnber from i t s  zero in j ec t ion  value fo r  a given in jec t ion  r a t e ,  F/Sto, 
with increasing Mach number. The var ia t ion  of St/Sto with Mach number i s  simi- 
lar  but not as great  as t h a t  of Also f o r  the highest  
a i r ,  helium, and Freon in jec t ion  r a t e s  a t  M = 0.7 the  drop-off i n  
values l eve l s  off with increased inject ion;  the sk in- f r ic t ion  CF/CF, var ia t ion  
with continued t o  decrease with increased in j ec t ion  at the  low Mach num- 
bers .  The St/Sto var ia t ion  with Mach number i s  quite incomplete for  Freon 
in jec t ion  because of t h e  l imi ta t ions  of t he  present t e s t  methods i n  obtaining low 
in jec t ion  data.  The St/Sto values (closed points)  a r e  measured values. The 
St/Sto values (dotted poin ts )  f o r  F/Sto up t o  1.5 were obtained from the  
f a i r e d  curves through the  higher in jec t ion  Freon data and terminate a t  t he  
extrapolated a i r  value of St,. There i s  a small var ia t ion  i n  St/Sto w i t h  Mach 
number fo r  the  l imited Freon t e s t s ;  t h i s  result i s  not quite i n  agreement with 
sk in- f r ic t ion  r e s u l t s  of reference 1, where greater  effect iveness  i n  reducing the  
skin f r i c t i o n  i s  shown at  t h e  subsonic Mach nurnbers. 

For a i r ,  helium, 

CF/CF, w i t h  Ihch number. 
St/Sto 

~F/CF, 

A f i n a l  comparison of t h e  St/Sto var ia t ion  should be made with some of t he  
ex is t ing  theor ies  because f o r  turbulent f l o w  the  experimental r e s u l t s  are usually 
the  standard on which the  theor ies  a re  t e s t ed .  The f a i r e d  curves through the  
St/Sto vs .  F/Sto data f o r  the two thermocouple locat ions 4 and 6 a t  each Mach 
number are used here i n  f igure  17 for  comparison. 
6 were selected because (1) the  
four thermocouples, one on each instrumented cone ray, (2)  t he  flow at  these 
locat ions i s  more l i k e l y  t o  be f u l l y  developed turbulent flow, and (3) f o r  a l l  
the  t es t  Mach numbers the  r e s u l t s  are representative of most cone locat ions.  The 
comparison w i l l  be made using the  Rubesin theory f o r  a i r  in jec t ion  in to  the  com- 
press ib le  turbulent boundary layer  and the  theory of Rubesin and Pappas f o r  t he  
incompressible turbulent boundary layer with foreign gas in jec t ion .  A s  con- 
t r a s t e d  t o  the  previous sk in- f r ic t ion  measurements ( r e f .  1) the  Stanton number 
r a t i o  
f o r  d i s t r ibu ted  a i r  in jec t ion  over t he  Mach nwiber range 0 t o  4. 
disagreement i s  a t  M = 0.7 where the  data show a s l igh t ly  greater reduction i n  
Stanton number than predicted.  The comparisons a re  made f o r  a f l a t -p l a t e  
Reynolds number of l m i l l i o n ,  which i s  approximately one-half the  average of t he  
l o c a l  cone Reynolds numbers of 2.6 mil l ion fo r  t h i s  series of data .  It i s  noted 
t h a t  fo r  turbulent boundary-layer flows, Van Driest has shown that the  cone 
boundary-layer charac te r i s t ics  a re  equivalent t o  the  f l a t -p l a t e  values a t  
one-half t he  f l a t -p l a t e  Reynolds number. 

Thermocouple locations 4 and 
curves a re  defined a t  each locat ion by St/Sto 

St/Sto vs .  F/Sto curves agree f a i r l y  w e l l  with the  predictions of Rubesin 
The primary 

In  order t o  compare t h e  r e l a t i v e  effectiveness of t h e  foreign gases with 
theory,  t h e  predict ions of reference 10 f o r  incompressible flow are shown on t h e  
thermocouple 6 results i n  f igures  6(e) ,  7(e), and 8(e) f o r  each Mach number, f o r  
reference purposes. The e f f e c t  of Reynolds nuniber on t h e  theo re t i ca l  predict ion 
of curves i s  very small f o r  both Freon and air inject ion;  
therefore ,  the  predict ion f o r  only a f l a t -p l a t e  Reynolds number of lo6 i s  shown. 
For helium in jec t ion  the t h e o r e t i c a l  e f f ec t  of Reynolds number i s  quite pro- 
nounced; therefore ,  t he  theo re t i ca l  predictions fo r  
f o r  comparison on the  M = 0.7 data p l o t .  For a l l  Mach numbers the  spread i n  
effect iveness  i s  grea te r  than t h e  theory predic t s  but t he  r e l a t i v e  values are i n  

St/Sto vs .  F/Sto 

R, = lo6 and lo7 are  shown 



t h e  r igh t  order. The important conclusion i s  t h a t  the e f f ec t  of Mach number on 
t h e  heat-transfer coeff ic ient  with a i r  in jec t ion  i s  very small and i n  quite good 
agreement with the  theo re t i ca l  predictions of Rubesin. 
r e s u l t s  showed a marked e f f ec t  of Mach number on t h e  effect iveness  of air injec-  
t i o n  t o  reduce the  sk in- f r ic t ion  coeff ic ient ;  t h i s  w a s  not i n  accordance with the  
theory. 

Previous skin-fr ic t ion 

Cooling Effectiveness 

O f  d i r ec t  interest  t o  many appl icat ions of t ranspi ra t ion  cooling i s  the  
effect iveness  i n  reducing the  temperature of t he  porous w a l l .  
(Tw - Tg)/(Tro - Tg),  i s  a useful  measure of t he  a b i l i t y  of the  heat-transfer 
systems (or methods) i n  cooling an aerodynamically heated w a l l .  
balance on a porous w a l l  area neglecting heat conduction along the  w a l l  and radi- 
a t ion  t o  the  w a l l  y ie lds  the  r e l a t ion  

The effectiveness,  

A simple heat 

and after some algebra t h i s  may be wr i t ten  as 

Since, for  a i r  in jec t ion ,  Rubesin ( r e f .  14) found from theory fo r  a w i d e  range of 
Reynolds numbers, Mach nunibers, and w a l l  t o  free-stream temperature r a t i o s  and 
f o r  both d is t r ibu ted  and uniform in jec t ion  t h a t  
expect t ha t  
one might expect 
posed (see ref. ll), t h a t  E = E[ (F/Sto)(cPg/cpc)], 
the  form of the  effectiveness,  E,  a re  p lo t ted  as a function of (F/Sto)(cpg/Cpc) 
i n  f igure 18, a broadband correlat ion i s  obtained. Only the  effect iveness  data 
for  the  l a rges t  (Tw - Tg) values a re  presented. The empirical curve of Bart le  
and kadon ( r e f .  11) E = 1/[1 + (l/3)(F/Sto)(cpg/cpc)]3 i s  shown on the  f igure  
only f o r  reference purposes when comparing the  present data. Similar effect ive-  
ness curves may be obtained from the  various turbulent theor ies  avai lable .  It 
should be noted t h a t  t he  var ia t ion i n  effect iveness  r a t i o  i s  considerable a t  any 
given abscissa value of (F/Sto)(cpg/cpc) over t h e  range of Mach numbers and 
Reynolds numbers fo r  t h e  various in jec t ion  gases. 
differences between w a l l  and coolant and f o r  t h e  high helium in jec t ion  rates a t  
M = 4.35, no apparent correlat ion w a s  observed. 
presented may be used as a rough guide t o  predict  t he  coolant a b i l i t y  of a 
t ranspi ra t ion  system on an aerodynamically heated porous w a l l .  

St/Sto z f (F/Sto) ,  one can 
E :: E(F/Sto) f o r  air; and if  the other gases behave similarly, then 

E = E[ (F/Sto) (cpg/cpc), (St/Sto)] or perhaps, as some have pro- 
When the  temperature data i n  

Also, f o r  small temperature 

The effectiveness data  that are 
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The temperature effectiveness r a t i o  r e l a t i o n  

i s  not recommended as a method for  calculat ing 
foreign gas inject ion,  because 
d i t i ons  for  a l l  t es t  Mach numbers. This statement i s  not i n  agreement with ref- 
erence 15, where the  effectiveness r a t i o  i s  recommended as a universal  means f o r  
calculat ing heat transfer with gas in jec t ion  f o r  w a l l  temperatures outside t h e  
range 0.9 < Tw/Tro < 1.1. 

q/qo for  turbulent flows with 
E # E[(F/Sto)(cpg/cpc)l for many of t he  t es t  con- 

High-Injection-Rate Heat Transfer 

For the  highest in jec t ion  r a t e s  of t he  foreign gases at  Mach numbers 3.67 
and especial ly  4.33 the  recovery temperature has increased above i t s  lowest value 
and fo r  some cases (see f i g s .  10 and 11) w a s  w e l l  above t h e  t o t a l  temperature of 
tunnel  air stream. A t  Mach number 4.35, two addi t ional  runs were made a t  higher 
rates of helium in jec t ion .  The concept of a recovery temperature i s  not appli-  
cable for  these runs since the  heat t r ans fe r  w a s  e s sen t i a l ly  constant f o r  a w a l l  
temperature change of over looo F. 
increased with increased in jec t ion  rate f o r  t h e  same w a l l  temperature l eve l .  For 
conditions where the  recovery temperature i s  i n i t i a l l y  w e l l  above the  zero injec-  
t i o n  recovery temperature a comparison must be made based on t h e  ac tua l  heat 
enter ing the  w a l l  r a ther  than on a heat-transfer coef f ic ien t  with i t s  attendant 
recovery temperature; but even heat- t ransfer  r a t i o  must be used with care f o r  
w a l l  temperatures near recovery temperature. A comparison i s  made i n  f igure  19 
for helium in jec t ion  a t  M, = 4.33 of t he  heat entering the  porous w a l l  for a 
w a l l  temperature 1000 F below the  zero in jec t ion  recovery temperature. The maxi- 
mum reduction i n  Stanton number fo r  t he  last  three  t es t  s t a t ions  f o r  F = 0,00101 
y ie lds  St/Sto values of 0.120, 0.127, and 0.173 with corresponding q/qo 
r a t i o s  of 0.585, 0.535, and 0.447; however, t he  maxi" reduction i n  g (which 
occurs at  other in jec t ion  r a t e s )  gives 
For t he  highest i n j ec t ion  rate a t  tes t  s t a t ions  4, 5, and 6, t he  heat  enter ing 
the  w a l l  i s  about equal t o  the  zero in jec t ion  value; t h a t  is ,  q/qo = 1.0. 
discussion again emphasizes the  caution t h a t  
as heat- t ransfer  r a t i o s  a t  t he  higher gas in jec t ion  rates f o r  the  turbulent  
boundary layer .  A t  high in jec t ion  rates, high-speed gas j e t s  may emanate from 
t h e  porous surface and a f f e c t  t he  heat transfer d i f f e ren t ly  than uniform gas 
inject ion.  

The heat transfer t o  the  w a l l  a c tua l ly  

q/q, values of 0.551, 0.444, and 0.398. 

This 
r a t i o s  should not be used St/Sto 



SUMMARY OF RESULTS 

Local heat t r ans fe r  and recovery temperatures of t he  turbulent boundary 
layer  with foreign gas in jec t ion  of helium, a i r ,  and Freon-12 were measured on a 
porous cone f o r  cone Mach numbers up t o  4.35 and i n  a l o c a l  Reynolds nuniber range 
from 1 t o  5 mill ion.  
r a t i o  of l o c a l  Stanton nwdber t o  the  Stanton number with zero inject ion,  St/Sto, 
as a function of t h e  dimensionless l o c a l  in jec t ion  value, F/Sto. 
fac tor  (Tr - T c ) / ( T t  - T,) w a s  presented as a function of t he  l o c a l  in jec t ion  
r a t e  
correlat ion of t he  data at one par t icu lar  tes t  Reynolds number. The important 
results of t he  tests were as follows. 

The heat- t ransfer  data generally were presented as the  

The recovery 

F because no other type parameter considered would generally improve the  

& = 0.7 

The r e l a t ive  effect iveness  of t he  gases helium, a i r ,  and Freon-12 i n  
reducing the Stanton nmiber i s  as expected on a mass in jec t ion  basis, but the  
absolute magnitude of t he  reduction i s  not i n  agreement with the  low-speed theory 
of Rubesin and Pappas. 
Stanton number r a t i o  with increased Reynolds number for  a l l  the  in jec t ion  gases; 
whereas the  theory predic t s  a reduction i n  Stanton number with increased Reynolds 
number fo r  helium and e s sen t i a l ly  no Reynolds number e f f ec t  fo r  a i r  and Freon 
i n  j e  e t  ion. 

The experimental r e s u l t s  indicate  l i t t l e  e f f ec t  on 

The recovery f ac to r  f o r  helium in jec t ion  increases from the  zero in jec t ion  
value near 0.84 t o  a maximum value near 1.35 (Tr  = T t  + 16.3' R )  and then 
decreases with increasing in jec t ion .  Tewfik, Eckert, and S h i r t l i f f e  a l s o  meas- 
ured a recovery temperature higher than the  f r e e  stream (or t o t a l  temperature) 
with increasing helium in jec t ion  but d id  not note a subsequent decrease a t  the  
higher in jec t ion  values.  They a t t r i b u t e  the  r ise i n  recovery temperature t o  
e f fec ts  of thermal diffusion.  The recovery temperatures fo r  the  present t e s t s  
for  a i r  and Freon-12 in jec t ion  decrease generally with increased in jec t ion .  

& = 3.67 and & = 4.35 

The r e l a t i v e  effectiveness of t he  gases helium, a i r ,  and Freon-12 i n  
reducing the  Stanton number i s  as expected on a mass in jec t ion  basis. 

The e f f ec t s  of Mach number on the  reduction i n  Stanton number r a t i o  a re  not 
as great  as the  e f f ec t  on the  reduction i n  skin f r i c t i o n  but t he  general t rends 
are the  same, that i s ,  the  effectiveness generally decreases with increasing 
Mach number at  given in jec t ion  rates F/Sto. 

For a i r  inject ion,  t he  experimental values of 
agree qui te  wel l  w i t h  the  theo re t i ca l  predictions of Rubesin f o r  d i s t r ibu ted  air 

St /S to  v s .  F/Sto curves 
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I 

i n j ec t ion  over t h e  Mach nmiber range from 0 t o  4.  
with t h e  sk in- f r ic t ion  r e s u l t s  of Pappas and Okuno, where t h e  reduction i n  
C F / C F ~  

This result i s  i n  contrast  

r a t i o  w a s  dependent on Mach number f o r  air in jec t ion .  

The recovery fac tor  for a l l  in jec t ion  gases i n i t i a l l y  decreases as expected 
f romthe  zero in jec t ion  value and then increases a t  the  higher in jec t ion  r a t e s  t o  
values above the  t o t a l  temperature. The concept of a Stanton number and tempera- 
t u r e  po ten t i a l  based on a recovery temperature do not apply a t  high in jec t ion  
rates for t he  turbulent boundary layer .  

The ac tua l  heat t r ans fe r  t o  a porous w a l l  can increase with increased injec- 
t i o n  a t  t h e  high t e s t  in jec t ion  rates, and i n  f a c t  may be about the  same value as 
t h a t  a t  zero in jec t ion .  

Ames Research Center 
National Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  Nov. 15, 1963 



APPENDIX A 

REXATIVE MASS FLOW RAm DISTRIBUTION 

OF THE HEAT-TRANSFKR MODEL 

An accurate determination of t he  l o c a l  mass flow r a t e  i s  e s s e n t i a l  f o r  
reliable l o c a l  heat- t ransfer  measurements. Although various methods have been 
used ( r e f s .  1 and 9 )  t o  measure the  r e l a t ive  mass flow ra t e ,  t h e  procedure 
described below i s  considered t o  be the  most appropriate and accurate method fo r  
t h e  present t e s t .  The setup shown schematically i n  f igure  3 w a s  used t o  measure 
t h e  porosity d i s t r ibu t ion  of t he  cone. The cone w a s  sealed inside of a polyester 
f i lm bag 4 mils t h i ck .  The one opening i n  the  bag w a s  a 1/2-inch-diameter hole 
which w a s  sealed and positioned over the  area t o  be t e s t ed .  The bag w a s  evacu- 
a t ed  with a vacuum pump u n t i l  t he  rotameter indicated no flow. The seal over t he  
hole w a s  then removed and t h e  valve w a s  t h r o t t l e d  u n t i l  the  desired pressure d i f -  
ference across the  porous surface mater ia l  w a s  obtained. The rotameter reading, 
pressure, and temperature were then recorded. Figure 2 shows the  r e l a t i v e  flow 
rate results of t he  t e s t  along four equally spaced rays of t he  cone. Ray A i s  
the  ray with the  eight  thermocouples. For an indicat ion of t he  accuracy of the  
r e su l t s ,  the  integrated average of t he  flow rates measured along the  four rays 
w a s  compared with the  flow r a t e  through the  t o t a l  porous cone a t  the  same pres- 
sure d i f f e r e n t i a l .  The integrated value w a s  16 percent grea te r  than the  t o t a l  
as shown by f igure  4. This difference of 16 percent i s  probably a r e s u l t  of 
insuf f ic ien t  number of measurements over t he  t o t a l  cone surface.  

These t e s t s  were conducted while t he  gas flow w a s  i n  t he  d i rec t ion  opposite 
t o  t h a t  of t he  ac tua l  t e s t .  To ver i fy  t h a t  the  d i rec t ion  of gas flow had no 
e f f e c t  on the  mass flow ra t e ,  t he  measured flow r a t e  through the  t o t a l  porous 
cone i n  one d i rec t ion  w a s  compared with t h a t  i n  the  opposite d i rec t ion  for a 
given pressure.  
e s sen t i a l ly  the  same. 

Figure 4 shows t h a t  the  flow r a t e s  i n  both direct ions were 

The l o c a l  mass in jec t ion  r a t e  a t  each thermocouple w a s  determined f romthe  
r e l a t i v e  mss flow measurements and the  t o t a l  metered mass flow rate through the  
cone for  t he  t es t  cases & = 3.67 and 4.35, where the  external cone pressure i s  
e s sen t i a l ly  constant along any cone ray.  Measurements of t he  external  pressure 
d i s t r ibu t ion  made i n  conjunction with the  t es t  results of reference 1 fo r  a 15' 
cone a t  supersonic Mach numbers 
may change s l i g h t l y  with in jec t ion  gas and r a t e  of in jec t ion  but  i s  e s sen t i a l ly  
uniform over the  cone. 

M, = 3.21 and 4.30 show t h a t  t he  pressure l e v e l  

For the  subsonic M = 0.7 t e s t s ,  t he  external  pressure on the  l5O cone 
decreases along the  cone ray; and fo r  t he  present t e s t s ,  t h e  var ia t ion  f romther -  
mocouple 1 ( s  = 2.187 i n . )  t o  8 ( s  = 9.187 i n . )  i s  only 3 percent from about 
10.8 t o  10.5 psia,  but cer ta in ly  of sufficient-change t o  decrease the  calculated 
l o c a l  in jec t ion  r a t e  a t  thermocouple 1 a maximum of 53 percent a t  the  lowest 
Freon in jec t ion  rate. The method of determining the  l o c a l  flow a t  each thermo- 
couple locat ion was  as follows. The pressure inside the  i n t e r n a l  g lass  f ibe r  
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cone w a s  measured a t  each in jec t ion  r a t e  during the  heat- t ransfer  t e s t s .  The 
pressure drop across the  g lass  f i b e r  cone w a s  measured f o r  the  three  in j ec t ion  
gases f o r  various flow r a t e s  and correlated on the  bas i s  of 
t he  r e l a t ion  fo r  flow through porous materials 

Ap2 vs.  G based on 

2 
&?- = a(2bTp)G + p(.. g) G2 
t 

F r o m  t h i s  correlat ion,  t h e  pressure on the  ins ide  of t h e  s t a in l e s s  s teel  t e s t  
cone w a s  determined. A ca l ibra t ion  of t o t a l  u n i t  flow rate w a s  obtained f o r  t h e  
s t a in l e s s  s t e e l  cone as a function of Ap2 
pressure w a s  t h e  outside area-weighted-average pressure; t h i s  ca l ibra t ion  along 
with the  r e l a t ive  l o c a l  porosi ty  measurements of f igure  2 w a s  suf f ic ien t  t o  cal-  
culate  the l o c a l  unit flow r a t e  (pv), f o r  each tes t  in jec t ion  rate f o r  a l l  the  
in jec t ion  gases. Corrections f o r  gas temperature l e v e l  w e r e  included i n  these 
calculat ions by equation ( A l ) .  These determinations of l o c a l  flow r a t e  a t  each 
thermocouple locat ion w e r e  s t i l l  not adequate t o  account fo r  t he  odd behavior of 
t he  l o c a l  Stanton numbers with Freon in jec t ion  a t  the  lower in jec t ion  r a t e s .  A 
b e t t e r  method i s  required t o  determine the  l o c a l  flow r a t e  of a heavy gas through 
a porous cone with an external  pressure var ia t ion .  

across the  cone, where the  outside 
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APPENDIX B 

CONDUCTIVITY MFAS"T 

The cogductivity 8f the  porous s t a in l e s s  s t e e l  w a s  found t o  be 
4.7 Btu/hr F f t  a t  80 F. This w a s  determined by measuring the temperature d is -  
t r i bu t ions  along a porous s t a in l e s s  s t e e l  c i r cu la r  r i ng  and an iden t i ca l  so l id  
s t a in l e s s  s t e e l  specimen of a known conductivity, each heated from one s ide of 
the  r ing .  
specimens (since the  temperature l eve l s  were approximately the  same) and the  
thermal conductivity w a s  calculated from the  temperature d is t r ibu t ions .  

The heat l o s s  t o  the ambient air w a s  assumed t o  be the same f o r  both 
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APPENDIX c 

The temperature of t he  coolant gas indicated by the  in te rna l  thermocouples 
and t h e  external  surface temperature a re  p lo t ted  i n  f igure 5 f o r  a tes t  with a 
low Freon in jec t ion  rate. 
ex terna l  w a l l  temperature. 
thermocouple can only r e s u l t  from the  net heat exchange t o  t h e  in t e rna l  thermo- 
couple from (1) the  convective heat t r ans fe r  of t h e  in te rna l  coolant gas, (2) t h e  
rad ia t ion  from t h e  surrounding surfaces,  (3) conduction t o  the  thermocouple from 
the  lead w i r e s ,  and (4) conduction through the  gas from the  higher temperature 
porous w a l l .  Heat-transfer mode (3) contributes very l i t t l e ,  and an analysis  of 
t h e  temperature d i s t r ibu t ion  i n  a gas flowing normally t o  a porous w a l l  shows 
t h a t  t he  gas temperature d i s t r ibu t ion  cannot possibly extend i n t o  the  gas as far 
as t h e  in te rna l  thermocouple locations;  therefore  mode (4) does not contribute t o  
t h e  temperature of t h e  thermocouple. Consideration of heat- t ransfer  modes (1) 
and (2) r e s u l t s  i n  a heat balance on an in t e rna l  thermocouple which y ie lds  t h e  
following expression fo r  t he  coolant gas temperature 

The indicated in t e rna l  temperature tends t o  follow the  
This var ia t ion  i n  the  temperature of t he  in t e rna l  

The t e r m  EiO/hi 
t i o n  fo r  t he  in t e rna l  thermocouples 
tures i n  the  equation are known; then knowing the  var ia t ion  of h i  as a function 
of t h e  in t e rna l  flow conditions a t  an in t e rna l  film temperature 
a check of t he  measured temperature difference,  Tg - T i .  
t r ans fe r  t o  a spherical-shaped blob i s  for  laminar flow 

can be evaluated from one par t icu lar  t e s t  run w i t h  air injec- 
i = 1, 2, 3, and 4 since a l l  the  tempera- 

Tf w i l l  a l l ow 
The convective heat 

Then for  any other gas and in jec t ion  rate 
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where 

By t h i s  means the  indicated in t e rna l  thermocouple temperature r i s e ,  T i  - T , see 
f igure 5 ,  f o r  thermocouples 1, 2, 3, and 4 w a s  predicted quite accurately From 
one t e s t  t o  t he  others,  where the  i n t e r n a l  flow rate and coolant gas and the  
fourth power temperature difference were changed. 
temperature of t h e  thermocouples generally confirmed the  postulated heat exchange. 
The t r u e  temperature, Tg, of the  coolant gas i n  the  forward pa r t  of t h e  cone w a s  
taken t o  be the  average of t he  temperature of t he  gas emanating from the  in t e rna l  
g lass  f iber  cone at  thermocouples 5 and 6. 

The a b i l i t y  t o  predict  the 

Now, the  in t e rna l  junctions fo r  thermocouples 5 ,  6, 7, and 8 are a l s o  sub- 
j e c t  t o  a radiant  and convective heat balance as are t h e  others i n  the  forward 
pa r t  of t he  cone. For the  high in jec t ion  flow rates a l l  the  in t e rna l  coolant 
indicated temperatures a re  e s sen t i a l ly  the  same value, and the  temperature d i f -  
ference between the  porous cone w a l l  and the  i n t e r n a l  thermocouples i s  small and 
the  in t e rna l  rad ia t ion  correction i s  negl igible ,  With decreasing coolant flow 
(for the  case where 
couple 1, begin t o  increase and follow the  ex terna l  w a l l  temperature; t h a t  is, 
the  EiO/hi t e r m  and the  ( T i 4  - TW") term both increase.  In te rna l  thermocou- 
p l e s  5 ,  6, 7, and 8 are located on the  surface of t he  inner g lass  f i b e r  cone and 
therefore  the  junction and leads see ( i n  a rad ia t ion  sense) t he  outer porous cone 
from one side and the  inner porous cone surface from t h e  other, and t h e  e f fec t ive  
emissivity t o  t he  outer cone i s  reduced by about one-half. Lead w i r e  conduction 
would tend t o  change the  junction temperature t o  the  correct  coolant temperature 
because the  lead wires pass through the  g lass  f iber  cone w a l l .  Also at  a l l  
in jec t ion  rates the  t r u e  temperature r i s e  of the  coolant i s  much l e s s  a t  thermo- 
couple locat ions near t he  back of the  cone. An analysis  of the  gas flow over 
the  in t e rna l  thermocouples 1 through 8 reveals t h a t  t he  maximum mass flow 0ccur.s 
over thermocouple 5 and near maximum over 6 with corresponding minimal values of 
EiO/hi f o r  these thermocouples. This discussion i s  del iberately somewhat quali- 
t a t i v e  with regard t o  the  e f f ec t  of i n t e rna l  rad ia t ion  on the  thermocouples 5 ,  6, 
7, and 8 because exact ca l ibra t ion  of the effect  of 
made. Examination of t he  response of the  in t e rna l  indicated temperature d i s t r i -  
bution t o  the  external  cone w a l l  d i s t r ibu t ion  w a s  t he  bes t  possible way t o  deter- 
mine whether rad ia t ion  influenced the  indicated i n t e r n a l  coolant temperature a t  
thermocouple locat ions 5 ,  6, 7, and 8. 

Tg << Tro), t he  i n t e r n a l  temperatures, s t a r t i n g  with thermo- 

EiB/hi t e r m  i s  not e a s i l y  
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Figure 1.- Cone heat-transfer model. 
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